neurosurgical focus
T he majority of the articles related to spinal alignment evaluate the center of gravity of the sagittal vertical axis, pelvic incidence, cervical and lumbar lordosis, and thoracic kyphosis. 7, 18, 23 However, the parameters of the normal craniometric relationships of the craniocervical junction (CCJ), especially those for angular craniometry, are still poorly studied and historically based on measurements taken from plain radiographs. 17 If compared with plain radiographs, where bone structures are superimposed, the use of modern diagnostic imaging methods for evaluation of all CCJ diseases, such as CT scan with reconstruction or MRI, would probably result in different craniometric measurements. 3, 5, 17 Moreover, most of the studies of CCJ craniometry were performed in patients with congenital malformations-Chiari malformation (CM) and/or basilar invagination (BI). 1, 13, 14 The craniometric parameters of the CCJ are of paramount importance to understand and propose adequate treatments for the different diseases that affect the region. For instance, BI is a radiological finding diagnosed, as proposed by Chamberlain, 3, 22 when the tip of the odontoid process is located above a line from the posterior margin of the hard palate to the opisthion. 3, 22 However, different thresholds, such as 2 or 5 mm above the line, have been proposed for diagnosis of this condition. 8, 21 Accurate CTbased studies on the normal craniometry of the craniocer-vical junction can be helpful in improving the precision of such diagnosis criteria and improving the classification of CCJ anomalies.
In light of the above considerations, we performed a craniometrical evaluation of an asymptomatic population, with the purpose of gathering information on the normal 3D CT parameters of the CCJ in asymptomatic individuals.
methods
After obtaining institutional review board approval, we evaluated 100 consecutive CCJ CT scans obtained in adult patients who were admitted to our tertiary hospital for treatment of non-CCJ conditions between 2010 and 2012.
In order to be included in the study, patients had to be older than 17 years and have undergone a complete CT scan of the CCJ for causes other than an investigation of a CCJ malformation or congenital anomaly. Patients were excluded if their radiological examinations were not sufficient for the proposed measurements, if they had undergone only a dynamic CT scan that would preclude some of the measurements, if they were undergoing mechanical ventilation at the time of the CT scan, or if they were known to have pathological conditions of the CCJ (such as CM, BI, rheumatoid arthritis, or upper cervical spine trauma).
ct scan measurements
Measurements were performed by 2 researchers (U.C.B. and R.N.M.) working together and were recorded upon agreement. The studies were obtained on a 64-row multidetector CT (MDCT) scanner (Aquilion 64, Toshiba Medical System), using a rotation time of 600 msec, tube voltage of 120 kV, and tube current of 120-250 mA. The images were reconstructed into 0.5-mm-thick slices with space between slices of 0.3 mm. All scans were analyzed on a present bone window setting: length 300 HU and width 2500 HU.
The images were assessed on the radiological workstation center, and all the measurements were performed using the PACS (picture archiving and communication system) electronic system. The following measurements were obtained: 1) The distance from the tip of the odontoid to the Chamberlain line was determined as follows. A line was drawn from the posterior hard palate to the tip of the opisthion (the Chamberlain line) on a sagittal CT image (Fig. 1A ). A perpendicular line was then traced through the tip of the odontoid, and the length of this line was recorded as well as whether the odontoid tip was above or below the Chamberlain line. 3, 15 2) The amount of ventral cervicomedullary encroachment by the odontoid-the measurement proposed by Grabb-Oakes-measured in a sagittal CT image as the distance to a perpendicular line traced from the most posterior region of the dura mater covering the dens to the line that goes from the inferior surface of the basion to the posterior inferior aspect of the C-2 vertebral body 9, 11 (Fig. 1B) .
3) The atlantodental interval (ADI) was measured as the distance between the posterior border of the anterior C-1 arch and the anterior margin of the odontoid process on a midline sagittal CT image (Fig. 1C ). 4) The anteroposterior and latero-lateral diameters of the foramen magnum (FM) were measured as the greatest distance between the anterior and posterior rims of the FM and the greatest distance from its left lateral surface to its right lateral surface of the FM 4 ( Fig. 1D and E, respectively). 5) The thickness of the external occipital protuberance (EOP; the distance between the inner and outer surfaces of the EOP) was measured on a midline sagittal CT image, as was the thickness of the occipital crest 1 cm below the EOP ( Fig. 1F and G, respectively). 6) The height of the C-1 lateral masses (right and left) was measured on sagittal CT images. The length of a line centered in the atlas lateral mass from the midpoint of the superior articular surface to the midpoint of its inferior articular surface of the lateral mass was measured on both sides 2 ( Fig. 2A ). 7) The occipital condyle height (right and left) was measured on sagittal CT images as the length of a line centered in the occipital condyle between the midpoint of the superior articular surface and the midpoint of its inferior articular surface (Fig. 2B ). 8) The clivus length was measured on a midline sagittal CT image as the distance between the top of the dorsum sellae and the basion 6 ( Fig. 2C ). 9) Distance between the internal acoustic meati was measured on an axial CT image as the length of a straight line drawn between the left and right internal acoustic meati 16 ( Fig. 2D ). 10) The height of the crista galli was measured on a midline sagittal image as the maximum distance from the top of the crista galli to its base (Fig. 2E ). 11) The distance between the crista galli and anterior tuberculum sellae was estimated on a midline sagittal image as the distance between the posterior edge of the crista galli to the region of the anterior tuberculum sellae, until the end of the planum sphenoidale (Fig. 2F ). 12) The clivus-canal angle (CCA; angle formed by a line extending from the surface of the clivus and a line extending from the inferodorsal portion of the C-2 body) was measured as the angle at the intersection of a line extending from the inferior one-third of the clivus and a line extending from the inferodorsal portion of the C-2 vertebral body to the superodorsal part of the dens 1 ( Fig. 2G ). 13) The basal angle 14 was measured as the angle formed by an intersection of the line from the nasion to the dorsum sellae and a line from the dorsum sellae to the basion 1 (Fig. 2H) . The results of all these measurements are presented in detail with descriptive statistics, reported as means, medians, ranges, and standard deviations. The normal range for the CCJ parameters was defined as the values within 2 standard deviations of the mean (± 2 SD), representing approximately 95% of patients in a normal distribution.
results
The craniometric measurements were obtained in 100 asymptomatic patients with a mean age of 50.6 years (SD 18.80, median 51 years, range 18-82 years). The group included 52 men (52%) and 48 women (48%). A total of 85 patients (85%) had a CT scan for evaluation of head trauma. Fifteen patients underwent CT screening for other conditions, such as stroke, syncope, headache, and epilepsy investigation.
The mean distance of the tip of the odontoid process from the Chamberlain line was -1.5 mm (below the line; median of -1.8 mm, SD 2.2), ranging from -7.6 (below the line) to +5.2 mm (above the line). In 5 patients (5%), the tip of the odontoid process was more than 2 mm above the Chamberlain line, and in one of these 5 patients (1% of the overall group), the tip of the odontoid process was more than 5 mm above the Chamberlain line.
The mean distance of the dura mater from the line that goes from the inferior surface of the basion to the inferior aspect of the C-2 vertebral body was 6.7 mm (SD 1.0 mm, median 6.5 mm, range 4.2-10.2 mm). Just 1 patient (1% of the group) had a measurement above 9 mm: 10.2 mm.
All measurements obtained are summarized in Table 1 .
discussion
In the present study, we have shown the craniometrical relationships of the normal CCJ based on CT scan measurements performed in 100 adult patients without known CCJ disease. The normal ranges, as presented in Table  1 , are important for improving the diagnostic criteria of many CCJ congenital or acquired diseases.
Rojas et al. assessed normal anatomical relationships of the CCJ on CT scans obtained in 200 patients who underwent imaging as part of a trauma protocol and were found to have no osseous or soft tissue abnormality. The values differed significantly from the classic values based on standard plain radiographs. 19 The authors reported that 95% of their patients had an ADI less than 2 mm, smaller than the historical value of 3 mm previously reported in studies from the 1960s as the normal upper limit. 12 In our series, none of the 100 patients had an ADI of more than 2 mm. Given that modern spinal surgery is mainly based on CT and MR images, it is our opinion that the normal upper superior limit of ADI in sagittal CT scan reconstruction should be 2 mm. This change would probably affect the sensibility and the specificity of the CT scan in detecting many diseases, such as atlanto-axial instabilities.
In our series, the mean distance from the tip of the odontoid process to the line proposed by Chamberlain was -1.55 mm (below the line). Of note, some patients had the tip of the odontoid 2 mm or even 5 mm above the Chamberlain line, both levels that have been proposed as diagnostic criteria for basilar invagination. 8, 21 Based on our findings, we could conclude that, due to anatomical variations, some asymptomatic individuals would have the diagnosis of basilar invagination (up to 5% of the patients in our series). 8, 21 Based on a normal distribution, the normal accepted range (± 2 SD from the mean) of the distance of the tip of the odontoid process in our population was from 5.9 mm below to 2.9 mm above the Chamberlain line. Patients with the tip of the odontoid extending more than 2.9 mm past the Chamberlain line would be considered abnormal in our study population. When analyzing the amount of ventral cervicomedullary encroachment by the odontoid, a measurement proposed by Grabb et al., the mean distance from the most posterior region of the dura mater covering the tip of the odontoid process to the line that goes from the inferior surface of the basion to the inferior aspect of the C-2 body was 6.7 mm, and only 1 asymptomatic patient had a value above 9 mm for this measurement (in that patient it was 10.2 mm). 9 The thickness of the EOP is important when planning craniocervical fixation using occipital screws and plating. The wide range of the EOP thickness (7.4-22.3 mm) implies that spinal implants should have a large variety of screw lengths to allow surgeons to place bicortical screws in the occipital crest. Of note, we had patients with just 2.9 mm of occipital thickness 1 cm below the EOP, a length not found in most of the commercially available spinal implant sets used for craniocervical fixation.
The clivus canal angle is depicted by the intersection of a line extending along the clivus intersecting and a line along the upper cervical spine. Measurements based on plain radiographs generally range from 150° to 180°, and measurements smaller than 150° have been reported to be associated with ventral spinal cord compression when smaller than 150° on plain radiographs. 22 However, the normal range was different in MRI studies. Botelho and Ferreira performed an evaluation of the clivus canal angle in 33 asymptomatic patients used as controls in a CCJ malformation study. The mean CCA obtained in that study was of 148° ± 9.8° (range 129°-179°). 1 In our present study, the mean CCA in normal subjects was 153.6° ± 7.6° (range 132.3°-173.9°). Thus, the range of CCA values obtained from MRI and CT scans of asymptomatic patients appears to be substantially larger than the published values based on plain radiographs. 22 In our series, 24 patients (24%) had a CCA of less than 150°.
The basal angle measured in the present study was formed by an intersection of the line that goes from the nasion to the dorsum sellae and a line from the dorsum sellae to the basion.
14 Our mean basal angle was 113.7° (SD 7.8°, median 112.0°, range 97.0°-133.2°). Koenigsberg and colleagues evaluated the normal basal angle of 200 adults using MRI and the same anatomical parameters (from the top of the dorsum sellae to the nasion and the basion); they obtained a mean value of 129° ± 6°. 14 Botelho and Ferreira reported that the BA ranged from 107° to 132° in their series of 33 asymptomatic patients (mean 119° ± 7.1°). They proposed that the diagnosis of platybasia (flattening of the skull base) should be made when the BA was above 133°. 1 Of note, when the BA is measured using the top of the dorsum sellae, the literature described smaller values than those measurements made using the center of the sella. Smoker et al. proposed that the BA should always be less than 140° when using the angle formed by the intersection of the nasion-tuberculum sellae line and the tuberculum sellae-basion line. As stated above, using the tuberculum sellae or the center of the sella turcica instead of the dorsum sellae would result in greater BA values than measurements performed using the top of the dorsum sellae. 22 Considering the clivus length, measured from the top of the dorsum sellae to the basion, the mean length obtained value in our study was 44.7 mm (SD 3.5 mm, median 44.4 mm, range 36.6-53.6 mm). Heiss et al. reported that the mean clivus length in 18 normal patients was 43.2 ± 3.5 mm, compared with a mean of 38.6 ± 3.4 mm in 48 patients with CM (p < 0.0001). 10 The normal range for clivus length reported in our series is very similar to the normal range obtained by Heiss et al. 10 Dufton et al. also performed a comparative study of clivus length measured using midsagittal T1-weighted MR images obtained in 81 patients with CM and 107 patients considered controls. 6 The clivus length was shorter in CM patients (4.02 ± 0.45 cm) than in the controls (4.23 ± 0.42 cm) (p = 0.009). Also, the anteroposterior diameter in patients with CM was greater than in the control group. The mean anteroposterior diameter in the control group was 36.3 ± 3.0 mm in that study (as compared with 33.9 ± 2.7 mm in the present study).
Saralaya et al. performed a morphometrical anatomical study of 140 occipital condyles from 70 dry skulls. 20 The average occipital condyle height was 10.2 mm. Interestingly, our CT scan method of measurement of the condyle height was very comparable to the direct measurement in cadavers-we obtained an average 10.48 mm height for the right condyle height and 10.74 mm for the left one. On the other hand, the mean height of the C-1 lateral masses obtained in a study of 32 cadavers was 13.68 ± 1.38 mm, a value higher than ours (the mean height of the right and left C-1 lateral masses in our study was 10.4 ± 1.1 mm and 10.5 ± 1.3 mm, respectively), suggesting that sagittal CT measurement of the atlas lateral mass height resulted in an underestimate.
Our study is limited by the lack of intra-and inter-reliability assessment for the presented CCJ measurements. Further studies addressing the reliability of CT scan measurement of the normal CCJ craniometry are necessary. Additionally, CCJ craniometry may be influenced by many other factors, such as patient race, sex, age, and height, among others. Our study did not address these issues, but they should be taken into account in future research in this field. Finally, we believe that the precise landmarks obtained with CT reconstructions should improve the reproducibility of CCJ craniometry compared with measurements obtained with simple plain radiographs.
conclusions
We reported our results on normal craniometrical values obtained from modern 3D reconstructions in 100 asymptomatic individuals. These data can be useful for evaluating anomalies of the CCJ in comparison with normal parameters, potentially improving the diagnostic criteria of most anomalies. When evaluating CCJ malformations, surgeons should take into account the normal ranges based on CT scan instead of those obtained from plain radiographs.
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